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Summary The expression and biological function of Paipl remain poorly understood in most human can-
cers. The objective of this research is to investigate its clinical significance and roles in lung adenocarcinoma
(LADC). Immunohistochemistry was used to determine Paip1 expression in 58 cases of LADC patients
with strict follow-up and 60 cases of adjacent normal lung tissues. Paipl protein was upregulated in
77.6% (45/58) LADC tissues compared with adjacent normal lung tissues. The overexpression of Paip1l
was significantly correlated with histologic grade, clinical stage, and poor prognosis. Small interfering
RNA-mediated transfection was performed in A549 and H1299 cells. Paip1 depletion attenuated the prolifer-
ation and migration of A549 and H1299 cells. Paip1 also changed the expression of epithelial-to-mesenchymal
transition markers including E-cadherin, Vimentin, Slug, and Snail. Furthermore, Paip1 regulated AKT/GSK-
33 oncogenic signaling pathways. In conclusions, Paip1 expression is frequently upregulated in LADC, and its
overexpression correlates with poor prognosis in LADC patients. Attenuated Paipl expression suppresses pro-
liferation and epithelial-to-mesenchymal transition—related migration of A549 and H1299 cells by regulating
the AKT/GSK-3p signaling pathway.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Currently, lung cancer is the most common malignancy and
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the leading cause of cancer death around the world; its inci-
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dence is increasing especially in China [1,2]. Lung cancer
arises from the cells of the respiratory epithelium. Based on
histology, there are 2 primary types of lung cancer: non—small
cell lung cancer (NSCLC) and small cell lung cancer. Approx-
imately 85% of primary lung cancers are NSCLC, which in-
cludes lung adenocarcinoma (LADC) and squamous cell
carcinoma [3]. Adenocarcinoma by itself accounts for 38.5%
of all lung cancer cases [4]. Metastasis of LADC is the main
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cause of cancer treatment failure and poor prognosis [5]. How-
ever, the complicated molecular and cellular mechanisms in-
volved in LADC metastasis remain poorly understood.
Therefore, elucidation of the mechanisms underlying the path-
ogenesis of LADC is important to identify effective prognostic
and therapeutic biomarkers for this lethal disease.

Polyadenylate-binding protein-interacting protein 1 (Paip1) is
a protein that encoded by the PAIP! gene, which located in 5p12
[6]. Human Paip1 was originally described as a ~70-kDa pro-
tein and discovered as a PABP-binding protein that stimulates
translation of luciferase reporter messenger RNA (mRNA) in
COS-7 cells [7]. Previous studies have reported that ternary
complexes composed of Paipl-PABP-eIF4G and Paipl-
elF3-eIF4G can form in vitro, which brings about the circular-
ization of the mRNA and promotes translation initiation [8].
Paip1 also was involved in the control of cell growth, prolifer-
ation, and differentiation. It was overexpressed in invasive cer-
vical cancers and in amyotrophic lateral sclerosis [9,10].
Recent research has reported that overexpression of Paip1 pro-
tein was related to the overall survival of breast cancer patients
and affected breast cancer cell growth [11]. However, the path-
ogenic role of Paipl in LADC has not yet been reported.

In this study, we firstly investigated the correlation between
the expression of Paip1 and clinicopathological parameters of
LADC patients and evaluated its prognostic value. Finally, the
function of Paipl and possible molecular mechanism in A549
and H1299 lung cancer cells were elucidated.

2. Materials and methods

2.1. Ethics statement

This research was approved by the Ethical Committee of
Yanbian University Medical College in China and was con-
ducted in compliance with the tenets of the Declaration of Hel-
sinki. Informed consent was obtained from all participants
before the analysis. Follow-up survival data were collected ret-
rospectively through medical record analyses.

2.2. Oncomine analysis

Oncomine Cancer Microarray database (http:/www.
oncomine.org) was queried to study gene expression of Paipl
in LADC cancer samples. A set of public and published

microarray data were used to analyze the Paipl mRNA level be-
tween the LADC and normal lung tissues, using “LADC,”
“Paipl,” and “mRNA” as terms for searching the objective data.

2.3. Clinical samples

To determine the clinical and prognostic significance of
Paipl in LADC, 58 LADC tissues and 60 adjacent normal
lung tissues were used for this study, along with complete clin-
icopathological and survival data. These tumors were ran-
domly obtained from the Tumor Tissue Bank of Yanbian
University Medical College between 2008 and 2013. All sam-
ples were formalin-fixed, paraffin-embedded blocks, which
were then cut into 4-pm-thick sections. Clinicopathological
clinical TNM stages were determined according to the Staging
Manual of the American Joint Committee on Cancer, seventh
edition [12]. Clinical information of the samples is summa-
rized in Tables 1 and 2. None of the patients received any ad-
juvant chemotherapy before lung cancer surgery resection.
The 58 LADC patients had been followed up for 7 years or un-
til death. In this study, in 60 cases, adjacent normal lung tis-
sues were collected from the cancer resection margin.

2.4, Immunohistochemistry staining analysis

Immunohistochemistry (IHC) analysis was performed
using the Dako LSAB kit (Dako, Glostrup, Denmark). Briefly,
to avoid endogenous peroxidase activity, sections of paraffin-
embedded specimens were dewaxed with xylene and rehy-
drated through a graded series of ethanol. The antigen was re-
trieved, and the slides were incubated with the Paip1 antibody
(1:200 dilution, no. 10675-1-AP; Proteintech, Rosemont, IL)
overnight at 4°C . Then, the sections were incubated with
the secondary antibody for 30 minutes. Diaminobenzidine-hy-
drogen peroxide was the chromogen, and 0.5% hematoxylin
was used for counterstaining. Then we used a rabbit IgG iso-
type control, which showed negative staining. The positive tis-
sue sections were processed without the primary antibody to
serve as another negative control.

Two pathologists who did not possess knowledge of the clin-
ical data examined and scored all tissues specimens. In the case of
a discrepancy, a final score was established by reassessment by
both pathologists using a double-headed microscope. A cytoplas-
mic expression pattern was considered positive staining. Briefly,

Table 1  Paipl protein expression in LADC

Diagnosis No. of cases Paipl Positive case Strong positive
_ N — I rate (%) case rate (%)

Adjacent normal lung 60 48 10 2 0 20.0 33

Lung adenocarcinoma 58 13 18 14 13 77.6 * 46.6 *

NOTE. Positive rate: percentage of positive cases with +, ++, and +++ staining score. Strongly positive rate: percentage of positive cases with ++ and +++ staining

score.
* P < .01 compared with adjacent normal lung tissues.
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Table 2 Relationship between Paipl protein overexpression and the clinicopathological parameters of LADC
Variables No. of cases (1) Paipl, strong positive rate, n (%) X P
Sex
Male 36 15 (41.7) 0.910 .340
Female 22 12 (54.5)
Age (y)
>62 29 15 (51.7) 0.624 430
<62 29 12 (41.4)
Tumor size (cm)
<4 41 19 (46.3) 0.002 .960
>4 17 8 (47.1)
Histologic grade
Grade 1 4 1 (25.0) 8.188 017 *
Grade 2 31 10 (32.3)
Grade 3 23 16 (69.6)
Clinical stage
1+ 10 43 16 (37.2) 5.832 016 *
I + IV 15 11 (73.3)
Lymph node status
NO 37 16 (43.2) 0.450 .503
N+ 21 11 (52.4)
* P <.05.

staining intensity of tissue sections scored as follows: 0, no stain-
ing; 1, definite but weak staining; and 2 and 3, moderate and in-
tense staining of Paip1l. The staining area was scored as follows:
scored as 0 (negative, no or less than 5% positive cells), 1 (5%-
25% positive cells), 2 (26%-50% positive cells), 3 (51%-75%
positive cells), and 4 (>75% positive cells). The total scores
were divided into low or high expression groups by multiply-
ing the intensity score and the proportion of positive cells
score, ranging from 0 to 12. Zero marked as —; 1 to 3 points,
+; 4 to 6 points, ++; and 8 to 12 points, +++. For survival anal-
ysis, —, + scored samples were considered as low Paip1 ex-
pression, and ++, +++ scored samples were considered as
high Paip1 expression.

2.5. Cell lines and cell culture

The human lung cancer cell lines A549, H1975, H1944, and
H1299 were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA). The H1299 cell line is derived from
a human large cell lung carcinoma [13]. All cell lines were rou-
tinely grown in Dulbecco modified Eagle medium and RPMI-
1640 media (Gibco, Gaithersburg, MD), which were supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin in a 5% CO, humidified incubator at 37°C.

2.6. Small interfering RNA transfection

Small interfering RNA (siRNA) targeting Paip1 and control
siRNA were synthesized by RiboBio (Guangzhou, China). Cells
were seeded into 6-well plates and then cultured to 70% to 80%
confluence. After 24 hours, cells were transfected with 50 nM
Paip1 or control siRNA using lipofectamine 3000 (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instructions.
According to the silencing effects of Paip1, siRNA3 and con-
trol siRNA were used in this study. The sequence of siRNA3
was 5'-CTGACAATTAGCCCACAGA-3'.

2.7. Cell viability assay

Cells were seeded into 96-well plates (5000 cells). Each
wells medium was removed and replaced by 20 pL of 5 mg/
mL MTT in 1% FBS-containing medium, and cells were incu-
bated in the CO, incubator at 37°C for 4 hours. The medium
was removed from each well, and the reduced MTT dye was
dissolved in 100 pL dimethyl sulfoxide was added to the well.
Absorbance at 570 nm was determined using a microplate
reader (Tecan Infinite M200; Tecan, Switzerland).

2.8. Colony formation assay

Cells were transfected for 48 hours and seeded in 6-well
plates (1000 cells). The cells were incubated for 2 weeks. Col-
onies were fixed with methanol and then stained with Giemsa.
The number of colonies with more than 50 cells was counted.
The colonies were manually counted using a microscope
(BX53, Olympus, Tokyo, Japan).

2.9. EdU proliferation assay

The EdU assay was conducted using a Cell-Light EAU
DNA Cell Proliferation Kit (RiboBio). Briefly, 50 uM EdU
labeling medium was added to the cell culture to allow for in-
cubation for 2 hours at 37°C under 5% CO,. Afterward, cells
was fixed with 4% paraformaldehyde followed by staining
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with Apollo Dye Solution and then mounted with Hoechst
33342. The positive cells were photographed and counted
using a fluorescence microscope (IX53; Olympus).

2.10. Wound healing assay

Cell monolayers (80% confluence) were scratched using a
200-pL pipette tip to create a narrow wound-like gap. The
wounded monolayer was photographed at 0 and 24 hours under
a Nikon Eclipse TE300 microscope (Leica, Jena, Germany),
respectively.

2.11. Migration assay

The migration assay used 24-well plates with 8-pum trans-
well inserts (Millipore, Billerica, MA). Cells were seeded into
the upper insert in serum-free media, whereas media contain-
ing 10% FBS was added to the lower insert as a chemoattrac-
tant for 24 hours. The cells on the upper filter surface were
removed, and cells on the lower filter surface were fixed with
ethanol and stained with Giemsa. The images were taken with
aBX53 Olympus microscope, and the number of cells in 3 to 5
fields was counted.

2.12. Immunofluorescence staining

Cells were grown on glass coverslips and fixed with 4%
paraformaldehyde for 10 minutes, permeabilized with 0.5%
TritonX-100 (CWBIO, Beijing, China) and blocked with 3%
Albumin Bovine V (Solarbio, Beijing, China) for 1 hour.
Cells were then incubated with the primary antibody at 4°C
overnight, followed by incubation with a fluorescent-labeled
secondary antibody for 1 hour. After washing with PBS, cells
were counterstained with DAPI (Beyotime, Haimen, China),
and the coverslips were mounted with Antifade Mounting Me-
dium (Beyotime). Imaging was performed using a BX53
Olympus microscope.

2.13. Western blot analysis

Cells were lysed in RIPA buffer containing protease inhib-
itor cocktail and phosphatase inhibitor cocktail. The total pro-
tein samples (30 pg), quantified with a BCA protein assay
(Pierce, Rockford, IL), were separated through 8% to 10%
SDS-PAGE and transferred to PVDF membranes (Millipore,
Darmstadt). The membranes were blocked with a 5% skim
milk solution and subsequently incubated with the primary
antibody Paipl, Akt, p-Akt (Proteintech), glycogen synthase
kinase-3p (GSK-3p), p-GSK-3p3, Snail, Slug (Cell Signaling,
Danvers, MA), E-cadherin (Abcam, Cambridge, MA),
Vimentin (Millipore, Darmstadt), and B-actin (Zhongshan,
Beijing, China) for overnight at 4°C. After incubation with
secondary antibody dilution of 1:3000 for 2 hours, the bands
were visualized with Chemi Doc Touch Imaging System
(Bio-Rad, Hercules, CA).

2.14. Statistical methods

All statistical analyses were analyzed using the SPSS17.0
software (Chicago, IL). Fisher exact test and the x? test were
used to compare the variables between groups. Kaplan-Meier
analysis was used to compare the survival rates among groups.
Data were presented as the mean + SD and examined for their
statistical significance of difference using 1-way analysis of
variance and ¢ test. All experiments were carried out at least
3 times. P < .05 was considered statistically significant.

3. Results

3.1. Paip1 is significantly upregulated in LADC and
positively correlates with poor prognosis in LADC
patients

Initially, analysis of the microarray datasets in Oncomine
Database indicated that the mRNA level of Paipl in LADC
was significantly higher than that in normal lung tissues
(Fig. 1A). Next, we performed IHC staining analysis the ex-
pression of Paip1 in 58 LADC tissues and 60 adjacent normal
lung tissues. As shown in Fig. 1B-I, Paipl was predominantly
located in the cytoplasm of cancer cells and remarkably ele-
vated in LADC tissues. The positive rate of Paip1 protein ex-
pression was 77.6% (45/58) in LADC tissues, which was
significantly higher than that in adjacent normal lung tissues
(20.0% [12/60]; P < .01). Similarly, the strongly positive rate
of Paipl protein expression (46.6% [27/58]) in LADC tissues
was also significantly higher than that in adjacent normal lung
tissues (3.3% [2/60]; P < .01; Table 1). Furthermore, the
strongly positive rate of Paipl protein expression in LADC
was significantly higher in grade 3 (69.6% [16/23]) than that in
grade 2 (32.3% [10/31]) and grade 1 (25.0% [1/4]; P < .05).
Similarly, for TNM stage, the strongly positive rate of Paip1
protein expression in LADC was higher in advanced stage
(HI-IV[ 73.3% [11/15]) compared with that in early stage
(I-I1; 37.2% [16/43]; P < .05; Table 2, Fig. 1J and K). More-
over, Kaplan-Meier survival analysis showed that patients
with high expression of Paipl protein exhibited a lower rate
of overall survival than did those with low Paipl expression
(log-rank = 6.893, P = .009; Fig. 1L). In summary, our clini-
cal studies indicated that Paipl was significantly overex-
pressed in LADC patients with poor prognosis.

3.2. Paip1 depletion attenuates the proliferation of
A549 and H1299 lung cancer cells

To validate the role of Paip1, we detected the expression
of Paipl in 4 lung cancer cells. We found that A549 and
H1299 cells were exhibited the highest protein levels of
Paipl (Fig. 2A). Thus, A549 and H1299 cell lines were used
for control-siRNA and 3 different Paip1-siRNAs (siRNA1,
siRNA2, and siRNA3) to knock down of Paipl expression.
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Among the analyzed siRNAs, siRNA3 seemed to have the
greatest mean knockdown efficiency and was therefore se-
lected for subsequent in vitro experiments (Fig. 2A). Next, col-
ony formation and MTT assays showed that Paipl depletion
significantly attenuated the cell growth of A549 and H1299
cells (Fig. 2B and C). Moreover, EAU (red)/DAPI (blue) im-
munostaining also confirmed these results, Paipl depletion
significantly decreased the rate of cell proliferation (Fig. 2D).
These data indicated that Paipl depletion indeed inhibited
the proliferation ability of A549 and H1299 lung cancer cells.

3.3. Paip1 depletion attenuates the migration of
A549 and H1299 lung cancer cells

To further explore the effect of Paipl on A549 and H1299
cell migration, wound healing and transwell assays were used
to measure the migration ability. As shown in Fig. 3A and B,
the data from the width of the wound revealed that Paip1 de-
pletion inhibited the migration of A549 and H1299 cells. Fur-
thermore, we assessed A549 and H1299 cell migration using
transwell migration. As shown in Fig. 3C, Paip1 depletion also
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Fig. 3  Effect of Paipl on A549 and H1299 lung cancer cell migration in vitro. A and B, Paip1 depletion inhibited migration ability of Paip1-
siRNA A549 and H1299 cells compared with control-siRNA cells as determined by wound healing assay. Images were obtained at 0, 12, and
24 hours. C, Paipl depletion inhibited migration ability of Paip1-siRNA cells compared with control-siRNA cells as determined by transwell as-
say. The number of cells that crossed the transwell membrane was counted. Original magnification x200. *P < .05, **P < .01.
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significantly reduced the migration ability of A549 and H1299
cells. These data indicated that Paipl depletion attenuated cell
migration potentials, suggesting an important role of Paip1 in
lung cancer progression.

3.4. Paip1 regulates the expression of epithelial-
mesenchymal transition-associated factors in A549
and H1299 lung cancer cells

To further study the underlying molecular mechanism of
Paipl in the regulation of cell migration, Western blot assay
was performed to determine the expression of epithelial-
mesenchymal transition (EMT)—related proteins. The results
showed that Paip1-siRNA transfection downregulated mesen-
chymal marker vimentin and upregulated epithelial markers E-
cadherin in A549 and H1299 cells. In addition, transcription
factors Snail and Slug were decreased in Paip1-siRNA trans-
fected cells compared with control-siRNA transfected cells
(Fig. 4A). Next, we used immunofluorescence (IF) staining
to examine the expression levels and localization of epithelial
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and mesenchymal markers in Paip1-siRNA and control-siRNA
transfected cells. Consistent with the results of Western blot,
downregulation of Paipl significantly increased E-cadherin
expression and decreased vimentin expression in A549 and
H1299 cells (Fig. 4B). These suggested that Paip1 regulates
the process of EMT in A549 and H1299 cells in vitro.

3.5. Paip1 regulates the EMT process of A549 and
H1299 lung cancer cells through the AKT/GSK-3f
signaling pathway

Previous studies showed that AKT signaling pathway was ac-
tivated in many human carcinomas, and the AKT-driven EMT
may confer the motility required for tumor cells invasion and me-
tastasis [14]. To investigate which signaling pathway was af-
fected by Paipl, Western blot assays was performed to evaluate
the effect of Paipl on the AKT/GSK-3p3 signaling pathway.
Compared with the control-siRNA groups, we found that knock-
down of Paip1 decreased the expression of phosphorylated AKT
(Ser473) and GSK-3p (Ser9), whereas the expression of AKT
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Fig. 4 Paipl regulates the expression of EMT-associated factors in A549 and H1299 lung cancer cells. A, Western blot analysis of EMT
markers in A549 and H1299 cells transfected with Paip1-siRNA and control-siRNA. 3-Actin was used as a loading control. B, Expression of
EMT markers was detected by IF staining in A549 and H1299 cells transfected with Paip1-siRNA and control-siRNA. *P < .05, **P < .01.
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Fig. 5 Paipl regulates the AKT/GSK-3p signaling pathway in A549 and H1299 lung cancer cells. A and B, Expressions of GSK-3p, p-GSK-
3B, p-Akt, and Akt protein were determined in A549 and H1299 cells transfected with Paip1-siRNA and control-siRNA. 3-Actin was used as a

loading control. *P < .05, **P < .01.

and GSK-3p remained unchanged (Fig. 5A and B). Collec-
tively, the results indicate that attenuated Paipl expression
suppresses A549 and H1299 cell proliferation and migration
by regulating the AKT/GSK-3p signaling pathway.

4. Discussion

In eukaryotes, regulation of gene expression occurs during
mRNA translation, specifically at the beginning of translation.
Deregulation at this step of the translation process, the gene ex-
pression tends to be abnormal, which in the opposite way alters
cell growth and even worse leads to cancer development [15-
17]. Paipl is a 479-amino-acid protein binds to PABP in vitro
and in vivo and acts as a translational enhancer [18]. Grosset
et al [19] reported that as a vital part of protein complex, Paipl
played an important role in mRNA turnover that stabilized
the c-fos proto-oncogene mRNA by combining the major
protein-coding-region determinant of instability. Lv et al [20]
reported that overexpression of WWP2 significantly decreased
the amount of Paipl protein as a result of WWP2-mediated
ubiquitin degradation, which meant that we can affect the level
of Paipl by regulating the amount of WWP2, so as to regulate
the process of translation, as some Paipl-related diseases play
a certain therapeutic effect.

For the first time, this study demonstrated that Paip] mRNA
levels were significantly increased in LADC tissues using micro-
array data from Oncomine database. Next, [HC staining of Paip1
protein expression was significantly upregulated in 77.6% LADC
tissues, which significantly correlated with high histologic grade

and advanced clinical stage. Importantly, we found that Paipl
overexpression correlated with poor survival of LADC patients.
Besides these researches, upregulation of Paipl was also found
to predict poor prognosis in breast cancer [11]. These data sug-
gested that Paipl could serve as a potential oncoprotein and
a predicting factor for poor survival LADC patients.

Cell proliferation as a consequence of cell cycle progression is
the key process that leads to clonal expansion of initiated cells
during tumor promotion [21]. Piao et al [11] showed that Paip1
depletion can significantly inhibit breast cancer cell proliferation
and led to cell cycle arrest in the S phase and G,/M phase. Sim-
ilar with these results, knockdown of Paip1 expression attenu-
ated A549 and HI1299 cell growth and proliferation.
Furthermore, tumor metastasis, a process of forming a new tu-
mor in another part of the body, involves cell attachment, mi-
gration, and invasion [22]. Thus, one of the most important steps
for cancer therapy might be inhibiting cancer cell metastasis. We
further determined the role of Paip1 in A549 and H1299 cell mo-
tility by wound healing and migration assays. We found that
Paipl depletion markedly reduced the migration abilities of
A549 and H1299 cells. Therefore, these data suggested that Paip1
might play an important role in LADC development and
progression.

During lung carcinogenesis, normal lung epithelial cells un-
dergo malignant transformation through an undefined etiology
and mechanism. Moreover, accumulating evidence shows that
NSCLC progression may involve tumor EMT to promote tumor
cell invasion and metastasis [23,24]. In the present study, we ex-
plored that knockdown of Paipl inhibited the migration ability
underlying mechanism. Western blot and IF staining showed that
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Paipl depletion significantly increased E-cadherin expression
and decreased vimentin expression in A549 and H1299 cells.
This suggests that Paip1 could be a novel promoter of EMT pro-
cess in A549 and H1299 cells. In addition, previous studies have
reported that several key transcription factors that are called
EMT-TFs including Snail and Slug [25] drive epithelial-
originated malignancies going through EMT, leading to the
dissociation of cancer cells from the primary sites to the dis-
tance [26]. Our results showed that Paipl depletion reduced
Snail and Slug expression in A549 and H1299 cells, suggest-
ing that Paip1 regulates EMT process.

AKT pathway was widely acceptable as an enhancer of sev-
eral cancer behaviors, including cancer metastasis [14]. We ex-
amined whether the AKT pathway was a target of the Paipl
that regulates EMT process. Western blot analysis demonstrated
that AKT phosphorylation was strikingly decreased in A549
and H1299 cells with Paip! depletion, whereas total AKT was
unchanged. Recent evidence has suggested that AKT is able to
influence the activity of GSK-3f [27,28]. In our research, the ra-
tio of GSK-3 phosphorylation to GSK-3p3 was clearly dimin-
ished in A549 and H1299 cells with Paipl depletion. These
results are similar to the findings of the study by Derry et al
[29] in which Paip1 contributed to increased translation in the cell
by AKT-mTOR and the MEK signaling pathways. Hence, these
results indicated that Paip1 regulated the AKT/GSK-3( signaling
pathway in A549 and H1299 lung cancer cells.

In conclusion, our findings showed that Paipl was signifi-
cantly upregulated in LADC tissues and positively correlated
with poor prognosis in LADC patients. Furthermore, Paip1 de-
pletion significantly inhibited proliferation and EMT-related mi-
gration by regulating the AKT/GSK-3p signaling pathway in
A549 and H1299 cells. Our research might provide a new per-
spective for Paipl representing as a target for LADC diagnosis
and treatment.
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